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Difference spectroscopy1. Introduction
Infrared spectroscopy is one of the classical methods for
structure determination of small molecules. This standing is due
to its sensitivity to the chemical composition and architecture of
molecules. The high information content in an infrared
spectrum carries over also to biological systems. This makes
infrared spectroscopy a valuable tool for the investigation of
protein structure [1–11] of the molecular mechanism of protein
reactions [2,10–35] and of protein folding, unfolding and
misfolding [7,10,36–44]. The wealth of information in the
infrared spectrum can be exploited even for biological systems
that are larger than proteins [45–49]. A striking example is the
possibility to identify bacterial strains from the infrared
spectrum and to differentiate and classify microorganisms [45].
Further advantages of infrared spectroscopy are a large
application range from small soluble proteins to large
membrane proteins, a high time resolution down to 1 μs with
moderate effort, often a short measuring time, the low amount of
sample required (typically 10–100 μg) and the relatively lowAbbreviations: ATR, attenuated total reflection; δ, in plane bending
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advantages for protein research are widely recognised in the
academic world, but, surprisingly, the breakthrough of infrared
spectroscopy in commercial protein analysis has still to come.
This review discusses the application of infrared spectro-
scopy to the study of proteins. The focus is on the mid-infrared
spectral region and the study of protein reactions by reaction-
induced infrared difference spectroscopy.
2. Absorption of infrared light
The absorption of infrared radiation excites vibrational
transitions of molecules. In the mid- and far-infrared spectral
regions this is generally the case when the frequencies of light
and vibration are equal and when the molecular dipole moment
changes during the vibration. Since vibrational frequency and
probability of absorption depend on the strength and polarity of
the vibrating bonds, they are influenced by intra- and inter-
molecular effects. The approximate position of an infrared ab-
sorption band is determined by the vibrating masses and the type
of bond (single, double, triple), the exact position by electron
withdrawing or donating effects of the intra- and intermolecular
environment and by coupling with other vibrations. The strength
of absorption increases with increasing polarity of the vibrating
bonds. In protein science, the effect of the environment on
vibrational frequencies is often a telltale of how proteins work.
Basically all polar bonds contribute to the infrared absorp-
tion. This is at the same time the crux and the strength of infrared
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is composed of many overlapping bands with the consequence
that much information can be hidden under broad, featureless
absorption bands; a strength, because nearly all biomolecules
absorb infrared radiation. The latter brings with it that there is no
need to label biomolecules to make them detectable. This notion
of infrared spectroscopy being a marker-free technique has
recently received an interesting twist in a study that reported a
genetically encoded CN infrared label which was used to probe
ligand binding to myoglobin [50].
The infrared spectrum is plotted against the inverse of the
wavelength, the wavenumber v˜, which is proportional to the
transition energy and has the unit cm−1. The horizontal
coordinate of the spectrum runs from high wavenumbers to
low wavenumbers according to a recommendation of the
International Union of Pure and Applied Chemistry (IUPAC)
[51,52]. This is equivalent to running from small wavelength to
large wavelength as usual in ultraviolet-visible spectroscopy.
The convention is particularly important for the near-infrared
spectral range where some spectra are plotted against wave-
length and others against wavenumber.
The infrared spectral region is adjacent to the visible spectral
region and extends from 0.78 μm to about 1000 μm. It can be
further subdivided into the near-infrared region from 780 nm to
2.5 μm, the mid-infrared region from 2.5 μm to 50 μm and the
far-infrared region from 50 μm to 1000 μm. The latter region is
also called terahertz frequency regime. The mid-infrared
spectral range extending from 2.5 to 50 μm corresponds to
4000 to 200 cm−1, which corresponds to frequencies of 1013 to
1014 Hz. Thermal energy kT at room temperature corresponds to
∼200 cm−1 implying that absorption in the mid-infrared spectral
range is generally from the vibrational ground state the first
excited vibrational state.
Infrared spectroscopy is one variant of vibrational spectro-
scopy. Other variants are Raman spectroscopy, reviewed in refs.
[53–61], and photoacoustic spectroscopy which provide
essentially the same information. Thus, some of the examples
in the next section are from Raman studies.
3. Information that canbe derived from the infrared spectrum
3.1. Chemical structure of the vibrating group
The chemical structure of a molecule is the dominating effect
that determines vibrational frequencies via the strengths of the
vibrating bonds and the masses of the vibrating atoms. In spite of
that, the chemical structure of a protein cannot be deduced from the
infrared spectrumbecause ofmany overlapping bands. Changes in
chemical structure however can be detected and an important
example is a change of protonation state of side chains which is
often essential for protein function. Here, infrared spectroscopy
seems to be the method of choice since the protonation state of
most side chains is reflected in the spectrum. Some examples are:
protonation ofAsp andGlu residues accompanies proton pumping
by bacteriorhodopsin [14–17,23], electron transfer reactions
[12,13], Ca2+ release from the Ca2+ ATPase [62] and seems to
provide a mechanism of charge compensation when thenegatively charged ATP binds to the Ca2+-ATPase [63]. As for
Asp and Glu residues, the protonation state of other catalytically
active side chains can be characterised by infrared spectroscopy,
as done for example for His and Tyr residues of photosystem II
[64,65] and bacteriorhodopsin [66–68].
Other examples for an alteration of chemical structure that
can be monitored by infrared spectroscopy are protein modi-
fications like phosphorylation [69,70] and chemical reactions
catalysed by enzymes [71–78], reviewed in Ref. [27].
3.2. Chemical properties of neighbouring groups in a molecule
The electron density of a given bond in a molecule is
influenced by neighbouring groups within the molecule via
inductive and mesomeric effects. The latter is the reason for
amide groups absorbing at lower wavenumbers than carbonyl
groups of carboxylic acids [79].
3.3. Redox state
Redox reactions are the basis of the energy delivering
processes in living organisms. They affect the electron density
distribution of a given molecule and thus will alter its vibrational
spectrum. This is illustrated well by model studies on isolated
biological cofactors involved in photosynthesis [80–83] that
allowed the assignment of signals in the protein spectra to
specific molecular groups of the cofactors and in consequence
statements about their protein environment [12,13, 21,22].
3.4. Bond parameters
As pointed out by Deng and Callender [53], vibrational
spectroscopy is exceptionally sensitive to changes in bond
strength since a change of 0.02% can be easily detected. As bond
strength and bond length are directly related [59,84–86], bond
distortions smaller than 1 pm in the course of a catalytic reaction
can be monitored with astonishing accuracy. Deng and
Callender concluded: “although an oversimplification, it can
be said that the resolution of vibrational spectroscopy picks up
where diffraction and multidimensional nuclear magnetic
resonance (NMR) techniques leave off, at ca. 0.2 Å, and extends
down to much lower lengths”. The sensitivity to bond
parameters has been exploited in quantitative studies of, for
example, chymotrypsins [87,88], subtilisins [87], myosin [89],
Ras [90–92], and Ca2+-ATPase [93,94].
3.5. Bond angles and conformation
Vibrations in adjacent parts of a molecule are often coupled
and this coupling depends on details of the molecular geometry.
Therefore, coupling can provide insight into the three-dimen-
sional structure of molecules. Examples are (i) the two coupled
CO vibrations in the COO− group which make the carboxylate
absorption sensitive to the mode of cation chelation [95–97] and
has been used in studies of several Ca2+ binding proteins [98,99];
(ii) the sensitivity of P\O or V\O stretching vibrations of
phosphates or vanadates on the bond angle [100], applied to
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coupling of the amide groups of the protein backbone which
makes this mode sensitive to the 3D structure of the backbone.
3.6. Hydrogen bonding
Hydrogen bonds stabilize the structure of proteins and are
essential for catalysis. Vibrational spectroscopy is one of the few
methods that directly report on the strength of hydrogen bonds.
As a general rule, hydrogen bonding lowers the frequency of
stretching vibrations, since it lowers the restoring force, but
increases the frequency of bending vibrations since it produces
an additional restoring force [79]. Formation of a single
hydrogen bond to a C_O group leads to a 20 cm−1 down
shift for the methylacetate–water complex in an argon matrix
[101,102] and of 25 cm−1 for propionic acid in an ethanol/
hexane (1:200) mixture [103].
Hydrogen bonding to PO2
− groups lowers the observed band
position of the symmetric stretching vibration by 3 to 20 cm−1
and of the antisymmetric stretching vibration by 20–34 cm−1
[104–107] with a single hydrogen bond contributing 16 cm−1 in
a nitrogen matrix [107]. This is due to two effects [106]: (i) less
electron density in the P\O bonds and (ii) a relaxation of
phosphate geometry towards the ideal tetrahedron form due to
the reduced Coulomb repulsion.
For the quantitative evaluation of band shifts induced by
hydrogen bonding Badger and Bauer relationships [108] are often
used. These are linear dependencies between the enthalpy of
hydrogen bond formation ΔH and the frequency of stretching
vibrations [53,59,109,110]. For the carbonyl group of methyl
acetate, a model for Asp and Glu, a downshift of 1 cm−1
corresponds to a favourable binding enthalpy of approximately
1.7 kJ/mol [53,59,110]. In Raman studies [54], favourable binding
enthalpies with respect to water as large as −60 kJ/mol have been
detected for C_O groups of substrates bound to enzymes.
3.7. Electric fields
Similar to hydrogen bonding, the electric field produced by
the environment modifies the electron density distribution of a
vibrating group. A strong electric field has been detected for
example in the active site of dehalogenase where it polarises the
product of the catalytic reaction [55]. For carboxyl groups in the
absence of hydrogen bonding (bands above 1740 cm−1), there is
an inverse correlation of the C_O stretching frequency with the
dielectric constant ε [103].
3.8. Conformational freedom
Besides band position and band intensity, the third spectral
parameter, the band width, is also informative. Due to its short
characteristic time scale on the order of 10−13 s, vibrational
spectroscopy provides a snapshot of the sample conformer
population. As the band position for a given vibration usually is
slightly different for every conformer, heterogeneous band
broadening is the consequence. Flexible structures will thus give
broader bands than rigid structures and the band width is ameasure of conformational freedom. It is possible to relate band
width with entropy and thus to quantify entropic effects in
catalysis [53]. Motional narrowing can counteract the effects of a
heterogeneous environment for amide groups that are hydrogen
bonded to bulk water [111–113].
For molecules that bind to proteins, the restriction of
conformational freedom is a natural consequence of binding.
This often reduces the band width by a factor of two [27]. The
band width has been interpreted in studies of nucleotide binding
to Ras [90,114], ubiquinone binding to cytochrome bo3 [115],
substrate analogue binding to lactate dehydrogenase [53],
nicotinamide dinucleotide binding to transhydrogenase [116],
and of the phosphorylated Asp residue of the sarcoplasmic
reticulum Ca2+-ATPase [69].
4. Infrared spectrometers
4.1. Fourier transform infrared spectrometers
Modern infrared spectrometers are usually Fourier transform
infrared (FTIR) spectrometers. Their name originates from the
fact that the detector signal of these spectrometers is related by a
Fourier transformation to the measured spectrum. The heart of an
FTIR spectrometer is an interferometer, like the Michelson
interferometer shown in Fig. 1. It has a fixed and a movable
mirror. The latter generates a variable optical path difference
between two beams which gives a detector signal that contains
the spectral information. Light emitted from the light source is
split by a beam splitter: about half of it is reflected towards the
fixed mirror and from there reflected back towards the beam-
splitter where about 50% passes to reach the detector (black
arrows in Fig. 1). The other half of the initial light intensity passes
the beam splitter on its first encounter, is reflected by themovable
mirror back to the beamsplitter where 50% of it is reflected
towards the detector (grey arrows in Fig. 1).When the two beams
recombine they interfere and there will be constructive or
destructive interference depending on the optical path difference
d. The instrument measures the light intensity relative to the
position of the movable mirror and this is called an interfero-
gram. It turns out that the interferogram is the Fourier transform
of the spectrum. A second Fourier transform performed by a
computer converts the measured data back into a spectrum. In
total, a Fourier transform spectrometer performs two Fourier
transformations: one by the interferometer, one by the computer.
That the interferometer produces the Fourier transform of the
spectrum is best seen when a monochromatic source is
considered. Its spectrum S(λ) is described by a delta function
located at λ0. Depending on the position of the movable mirror
one obtains constructive or destructive interference at the
detector and the detector signal I(d) varies as a cosine function
with the mirror position which determines the optical path
difference d. This cosine function and the delta function
describing the monochromatic spectrum are related by a Fourier
transformation. Thus, a second Fourier transformation per-
formed by the computer generates the spectrum S(λ).
The main advantage of Fourier transform spectrometers is
the rapid data collection and high light intensity at the detector
Fig. 1. Scheme of a Fourier transform infrared spectrometer. See text for further explanation. Republished from [11]. © 2006 Nova Science Publishers.
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spectrum can be recorded in as few as 10 ms. Different types of
detectors, light sources and other optical components are used in
different regions of the infrared spectral range.
4.2. Dispersive infrared spectrometers
Dispersive infrared spectrometers are no longer used for
routine measurements but are still valuable for special applica-
tions like time-resolved measurements. Briefly, a dispersive
infrared spectrometer consists of a light source, optics (often
mirrors) that focus the light on the sample and then on the
entrance slit of a monochromator, a monochromator, another
mirror to focus the light on a detector and a detector. The
positioning of the monochromator behind the sample avoids the
detection of heat radiation from the sample. The disadvantage of
these instruments is that the incident light is split into its spectral
components. Therefore the light intensity reaching the detector
is low, which results in a signal to noise ratio that is much worse
than that of Fourier transform infrared spectrometers.
5. Sampling techniques
5.1. Transmission measurements
In transmission measurements, the infrared light passes a
cuvette containing the sample before it reaches the detector. If
the sample is homogeneous, it absorbs light according to the
Beer–Lambert law
Aðv˜Þ ¼ logðI0=IÞ ¼ ceðv˜Þd
where A is the absorbance, I0 the light intensity before the
sample, I the light intensity after the sample, c the concen-tration of the absorbing substance, ε the molar absorption
index or extinction coefficient and d the pathlength. ZnSe,
BaF2 and CaF2 cuvettes are often used, the latter two have the
advantage that excitation with UV light is possible. A simple
demountable infrared cuvette consists either of two plane
windows separated by a spacer that defines the pathlength or of
one plane window and a window with a trough. Recently, a
number of flow cells have been developed that enable mixing
experiments [36,117–119].
One drawback of infrared spectroscopy of aqueous solutions
is the strong absorbance of water in the mid-infrared spectral
region (near 1645 cm−1) [120] which overlaps the important
amide I band of proteins and some side chain bands (see below).
When these protein bands are of interest, the strong water ab-
sorption demands a short path length for aqueous samples,
which is typically around 5 μm, and in turn relatively high
concentrations. Using 2H2O, the pathlength can be increased to
50 μm and the concentration lowered because the water band is
downshifted to ∼1210 cm−1. Typical concentrations in infrared
spectroscopy are 0.1 to 1 mM for proteins and 1 to 100 mM for
small molecules. However, concentrations as low as 0.3 mg/ml
have been reported [121] and the amount of protein required is
low because of the small sample volume, typically in the 10–
100 μg range, and can be as low as 50 ng [122]. A promising
technique to further reduce the amount of material is surface-
enhanced infrared spectroscopy [123]—the infrared analog of
surface enhanced Raman spectroscopy. It enables studies of
protein monolayers because protein absorption is enhanced by
typically a factor of 100when the protein is absorbed on a film or
suspension of metal particles. Possible disadvantages are the
sensitivity of band intensities on the structure of the metal
surface and structural modifications due to protein interaction
with the metal surface.
Fig. 2. A typical ATR setup. Republished from [11]. © 2006 Nova Science
Publishers.
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The attenuated total reflectance (ATR) technique [26,124–
126] is illustrated in Fig. 2. Compared to transmission ex-
periments, it avoids the handling problems which are caused by
the required short pathlength. In an ATR experiment a sample is
placed on a crystal with an index of refraction that is larger than
that of the sample and typically larger than 2. Infrared light is
coupled into the crystal and directed towards the sample inter-
face at such an angle of incidence that it is totally reflected at the
interface between sample and crystal. After one or several
reflections the measuring light leaves the crystal and is focused
on the detector. Upon reflection at the interface between sample
and crystal, light penetrates into the sample. This so-called
evanescent wave has the same frequency as the incoming light
but the amplitude of the electric field decays exponentially with
the distance from the interface. The evanescent wave may be
absorbed by the sample and thus the light reaching the detector
carries the information about the infrared spectrum of the
sample. The penetration depth is on the order of the wavelength,
which means that the optical thickness of the sample is small
enough for measurements of aqueous solutions. The penetration
depth depends also on the angle of incidence and the ratio of the
indices of refraction of crystal and sample.
For protein samples, usually a protein film is prepared on the
crystal surface [121,125,127,128], often simply by drying, and a
buffer is placed on top of the film. The thickness of the buffer
layer does not influence the measured spectrum. The advantage
of the method is that often the buffer can be exchanged without
disturbing the film. This makes sample manipulations relatively
simple and makes the method very flexible. The disadvantage is
that the preparation of a stable film can be difficult and some-
times impossible. The film might also detach when the buffer is
exchanged.
For these difficult cases and for soluble proteins it is advan-
tageous to separate a sample compartment close to the ATR
crystal from a reservoir by a dialysis membrane. In this way the
medium in the reservoir can be altered without disturbing the
protein sample in the sample compartment [129–132].
6. Time-resolved infrared spectroscopy
6.1. Overview
Three of the most common time-resolved infrared techniques
that have been applied to study proteins will be briefly
discussed here: the rapid scan technique, the step scan techniqueand single wavelength measurements. The former two are
performed on FTIR spectrometers, while the latter is done on a
dispersive instrument. Not discussed here will be the pump-
probe technique and stroboscopic Fourier transform infrared
spectroscopy. All techniques mentioned and biological or
photochemical applications thereof have been reviewed before
[20,23,133–143].
6.2. The rapid scan technique
In the rapid scan technique the movable interferometer mirror
is moved at a maximum speed of 10 cm/s. From one complete
forward and backward movement of the mirror, up to 4 spectra
can be obtained which results in a maximum time resolution of
about 10 ms at 12 cm−1 optical resolution. A single experiment
can yield a full series of time-resolved spectra.
6.3. The step scan technique
Data recording in an FTIR spectrometer is not continuous but
done at discrete positions of the movable mirror. In the step scan
technique the movement of the movable mirror is stopped at
these positions, a time-resolved experiment performed and the
time course of intensity at the detector recorded. Then the mirror
is moved to the next position and the experiment is repeated. One
obtains a series of time-resolved intensity measurements at the
different mirror positions. When intensity data of all mirror
positions at a given time are combined, one obtains the
interferogram at that time which can be transformed into a
spectrum. Accordingly all data are reshuffled to obtain a time-
resolved series of interferograms which is then transformed into
a series of time-resolved spectra. The time resolution of this
technique can be of the order of nanoseconds and is limited by
the response times of detector and electronics. A requirement for
the step scan technique is that the experiment can be accurately
reproduced at least several hundred times, since kinetic traces at
typically about 600 mirror positions have to be sampled at
4 cm−1 optical resolution [144]. This requirement is either met
by cyclic or reversible systems where the reaction of interest can
be repeated many times with the same sample, by repeating the
experiment at different small sample spots for each interfero-
meter position [145], or by using a flow cell to conveniently refill
the infrared cuvette with fresh material [146].
6.4. Single wavelength measurements
Single wavelength measurements are done on a dispersive
instrument. The monochromator is set to a wavenumber of
interest and the intensity change at the detector during the time-
resolved experiment is recorded. The advantage of this method is
that a kinetic trace can be obtained from a single experiment.
However, the relatively low signal to noise ratio of dispersive
instruments has the consequence that only relatively large
absorbance changes (ΔAN0.002–0.01) can be resolved in a
single experiment. The lower limit of sensitivity applies when
the infrared band of interest is broad which allows one to
increase the spectral width that is detected. The signal to noise
Table 1
Overview of amino acid side chain infrared bands
Assignments Band position/cm−1,
(ε/M−1 cm−1) in 1H2O
Band position/cm−1,
(ε/M−1 cm−1) in 2H2O
Remarks
Cys, ν(SH) 2551 1849
Asp, ν(C_O) 1716 (280) 1713 (290) Without H-bond up to 1762 cm−1 observed in
proteins [422]. Single H-bond shifts 25 cm−1
down. Above ∼1740 cm−1 inverse correlation of
ν(C_O) with ε (dielectric constant) [103]. Small
down or up shifts in 2H2O indicate H-bonding to
the hydroxyl group [386].
Glu, ν(C_O) 1712 (220) 1706 (280) Expected to be up to 50 cm−1 higher without
H-bond. See also Asp ν(C_O)
Asn, ν(C_O) 1677–1678 (310–330) 1648 (570) Up to 1704 cm−1 in proteins [423]
Arg, νas(CN3H5
+) 1652–1695 (420–490) 1605–1608 (460) Position depends on the salt bridge between Arg and
other residues only for 1H2O not for
2H2O. In
1H2O
near 1672 cm−1 without salt bridge. In proteins up to
1695 cm−1 (1H2O) and down to 1595 cm
−1 (2H2O)
[155,424,425]
Gln, ν(C_O) 1668–1687 (360–380) 1635–1654 (550)
Arg, νs(CN3H5
+) 1614–1663 (300–340) 1581–1586 (500) Position depends on the salt bridge between Arg and
other residues only for 1H2O not for
2H2O. In
1H2O
near 1635 cm−1 without salt bridge. In deuterated
proteins up to 10 cm−1 lower [155,424]
HisH2
+, ν(C_C) 1631 (250) 1600 (35), 1623 (16) Only one strong band observed for 4-methylimidazole
at 1633 (H2O) and 1605 cm
−1 (2H2O) [426]
Lys, δas(NH3
+) 1626–1629 (60–130) 1201 2H2O band position based on shift observed for
CH3NH3Cl and CH3N
2H3Cl
Tyr-OH, ν(CC) δ(CH) 1614–1621 (85–150) 1612–1618 (160) ε estimated relative to 1517 cm−1 band, Tyr or p-cresol
Asn, δ(NH2) 1612–1622 (140–160)
Trp, ν(CC), ν(C_C) 1622 1618
Tyr–O−, ν(CC) 1599–1602 (160) 1603 (350) Tyr or p-cresol
Tyr–OH, ν(CC) 1594–1602 (70–100) 1590–1591 (b50) ε estimated relative to 1517 cm−1 band, Tyr or p-cresol
Gln, δ(NH2) 1586–1610 (220–240) 1163
HisH, ν(C_C) 1575,1594 (70) 1569, 1575 Doublet due to the two protonated tautomers of His
Asp, νas(COO
−) 1574–1579 (290–380) 1584 (820) May shift +60/−40 cm−1 [96,99] upon cation chelation,
in extreme cases band position as for ν(C_O) [95]
Glu, νas(COO
−) 1556–1560 (450–470) 1567 (830) See Asp νas(COO
−)
Lys, δs(NH3
+) 1526–1527 (70–100) 1170 2H2O band position based on shift observed for
CH3NH3Cl and CH3N
2H3Cl [427]
Tyr–OH, ν(CC), δ(CH) 1516–1518 (340–430) 1513–1517 (500) Tyr or p-cresol
Trp, ν(CN), δ(CH), δ(NH) 1509 Indole infrared spectrum
Tyr–O−, ν(CC), δ(CH) 1498–1500 (700) 1498–1500 (650) Tyr or p-cresol
Trp, ν(CC), δ(CH) 1496 Trp Raman spectrum, observed in the indole infrared
spectrum at 1487 cm−1
Phe, ν(CCring) 1494 (80)
δas(CH3) 1445–1480
δ(CH2) 1425–1475 Good group frequency, normally at 1463, near
1425 cm−1 and more intense when next to a
C_O group [79]
Pro, ν(CN) 1400–1465 Sensitive to backbone conformation [428,429]
Trp, δ(CH), ν(CC), ν(CN) 1462 1455 (200) ε estimated from comparison with he 1517 cm−1
Tyr band [430]
His−, δ(CH3), ν(CN) 1439 1439 Observed for 4-methylimidazole with a strong
contribution of δ(CH3). Thus, position for His may differ.
Trp, δ(NH), ν(CC), δ(CH) 1412–1435 1382 1H2O: higher number for Raman spectrum of Trp, lower
number for infrared imidazole spectrum. 2H2O: Raman
spectrum of Trp
Gln, ν(CN) 1410 1409
Glu, νs(COO
−) 1404 (316) 1407 See Asp νs(COO
−)
Asp, νs(COO
−) 1402 (256) 1404 May shift +60/−90 cm−1 upon cation chelation [96], in
extreme cases band position as for ν(C\O) of COOH
group [95]. Band position of Asp in 2H2O estimated from
shift observed for CH3COO
−
δs(CH3) 1375 or (1368, 1385) One band for one CH3 group, two bands for two adjacent
groups (Val, Leu), narrower than δas(CH3) but same intensity
[79]. Insensitive to hydrocarbon chain conformation [431]
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Table 1 (continued)
Assignments Band position/cm−1,
(ε/M−1 cm−1) in 1H2O
Band position/cm−1,
(ε/M−1 cm−1) in 2H2O
Remarks
Trp 1352–1361 Higher number for Raman spectrum of Trp, lower number for
infrared imidazole spectrum.
Trp 1334–1342 1334 (100) 1H2O: higher number for Raman spectrum of Trp, lower
number for infrared imidazole spectrum. 2H2O: IR spectrum
of Trp in protein
δ(CH) 1315–1350
Trp, δ(NH), ν(CN), δ(CH) 1276 Indole infrared spectrum
Tyr–O−, ν(C–O), ν(CC) 1269–1273 (580) Tyr or p-cresol
Asp, Glu, δ(COH) 1264–1450 955–1058 Hydrogen bonded (1058 and 1450 cm−1) and free
(955 and 1264 cm−1) CH3COOH
Trp, δ(CH), ν(CC) 1245 Indole IR spectrum
Tyr–OH ν(C–O), ν(CC) 1235–1270 (200) 1248–1265 (150) Tyr or p-cresol, band sensitive to H-bonding, 3 to 11 cm−1
lower in 2H2O, ε in
2H2O estimated from comparison
with 1517 cm−1 band
His, δ(CH), ν(CN), δ(NH) 1217, 1229, 1199 1217, 1223, 1239 Values are for His−, HisH and HisH2
+, respectively
Trp, ν(CC) 1203 Indole infrared spectrum
Ser, δ(COH) or δ(CO2H), ν(CO) 1181–1420 875–985 Band position sensitive to hydrogen bonding
γw(CH2) 1170–1382 Couples with adjacent CH2 groups [79]. Sensitive to
hydrocarbon chain conformation [431]
Tyr–OH, δ(COH) 1169–1260 (200) 913 Tyr or p-cresol, band sensitive to H-bonding for OH group,
256 cm−1 lower for O2H group
Asp,Glu, ν(C\O) 1160–1253 1250–1300 Range in 1H2O from band position in aqueous solution near
1250 cm−1 [154,432] and shift observed for hydrogen bonded
and free C2H3COOH [433]. Band position in
2H2O from isotope
shifts of hydrogen bonded (data not shown) and free CH3COOH [433]
His, ν(CN), δ(CH) 1104,1090,1106,1094 1104,1096,1107,1110 Values are for His−, N1-, N3-protonated HisH and HisH2
+, respectively
Trp, δ(CH), ν(NC) 1092 Indole infrared spectrum
Trp, ν(NC), δ(CH), ν(CC) 1064 Indole infrared spectrum
γt(CH2) 1063–1295 Weak, couples with adjacent CH2 groups, but in phase mode at
1300 cm−1 good group frequency [79]
Thr, ν(C\O) 1075–1150 2 bands expected
Ser, ν(C\O) 1030 1023
Trp, ν(CC), δ(CH) 1012–1016 1012
Ser, ν(CO) or ν(CC) 983
Ser, ν(CO), δ(CO2H) 940
Thr, δ(CO2H) 865–942
γr(CH2) 724–1174 Couples with adjacent CH2 groups, in phase mode at 724 cm
−1
most intense [79]
Extended and corrected version of a previous compilation [150].
If available, parameters of infrared spectra of amino acid side chains are given. If not, data are taken from infrared spectra of model compounds or from Raman spectra.
Band positions are given for 1H2O and
2H2O, the latter are indicated by italic print. The shift upon
1H/2H exchange is given when a compound in both solvents is
compared in the original work. The listing of internal coordinate contributions to a normal mode is according to their contribution to the potential energy of the normal
mode (if specified in the literature): If the contribution of an internal coordinate to the potential energy of a normal vibration is≥70% only that coordinate is listed. Two
coordinates are listed if their contribution together is ≥70%. In all other cases those 3 coordinates that contribute strongest to the potential energy are listed. If no
assignment is listed, no or multiple assignments are given in the original publications. Vibrations dominated by amide group motions are not included. ν stretching
vibration, νs: symmetric stretching vibration, νas: antisymmetric stretching vibration, δ: in plane bending vibration, δas: asymmetric in plane bending vibration, γw:
wagging vibration, γt: twisting vibration, γr: rocking vibration
References: aliphatic groups [79], Arg, Asn [152,154,155,424], Asp [152,154,155,432,433], Cys [434], Gln [152,154,155,435], Glu [154,155,432,433], His−
[65,426], HisH [65,154,426], HisH2
+ [64,65,155], Lys [152,154,427], Phe [154], Pro [429,436,437], Ser [79,434,438,439], Thr [79,438], Trp, [162,430,440,441], Tyr
[64,66,67,152,154,155,442,443].
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[44,139–141,147,148] or by repeating the experiment many
times [149].
7. The absorption of amino acid side chains
Amino acid side chains are often at the heart of the molecular
mechanism of proteins. Thus, side chain absorption can provide
very valuable information, in particular when it is possible to
follow the fate of the participating groups in a single time-resolved experiment. The aim of this kind of research is to
identify the catalytically important side chains and to deduce
their environmental and structural changes from the spectrum in
order to understand the molecular reaction mechanism. For
example, information may be obtained on the protonation state,
coordination of cations and hydrogen bonding.
Table 1 gives an overview of the infrared absorption of amino
acid side chains in 1H2O and
2H2O [11,150], see also further
compilations of infrared bands [4,151–156] and of Raman bands
[157–162]. Only the strongest bands are listed in Table 1, or
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groups.
The absorption of a side chain in a protein may deviate
significantly from its absorption in solution or in a crystal. The
special environment provided by a protein is able to modulate
strength and polarity of bonds, thus changing the vibrational
frequency and the absorption coefficient. Therefore, the band
positions given in the table should be regarded only as guidelines
for the interpretation of spectra. It may be mentioned here that
also the pKa of acidic residues in proteins may differ
significantly from solution values. An example is Asp-96 of
bacteriorhodopsin for which a pKaN12 has been found [163].
8. The absorption of the protein backbone
8.1. Normal modes of the amide group
N-methylacetamide (NMA), shown in Fig. 3, is the smallest
molecule that contains a trans peptide group. It has therefore
become the starting point for a normal mode analysis of
polypeptide backbone vibrations [151]. If the CH3 groups are
regarded as point masses, the number of atoms of NMA is 6 and
thus there are 12 normal modes. Of these, the four highest
frequency ones will be discussed in the following according to
Krimm and Bandekar [151]. The contribution of internal
coordinates to these normal modes will generally alter when
the amide group is incorporated into a polypeptide.
8.1.1. NH stretching vibrations—amide A and B (∼3300 and
∼3070 cm−1)
The NH stretching vibration gives rise to the amide A band
between 3310 and 3270 cm−1. It is exclusively localised on the
NH group and is therefore in proteins insensitive to the
conformation of the polypeptide backbone. Its frequency
depends on the strength of the hydrogen bond. The amide A
band is usually part of a Fermi resonance doublet with the second
component absorbing weakly between 3100 and 3030 cm−1
(amide B). In NMA and polypeptide helices, the NH stretching
vibration is resonant with an overtone of the amide II vibration,
in β-sheets with an amide II combination mode. An alternative
assignment of the amide B band to the stretching vibration of
intramolecularly hydrogen bonded NH groups has recently
found experimental support [164].
8.1.2. Amide I (∼1650 cm−1)
The amide I vibration, absorbing near 1650 cm−1, arises
mainly from the C_O stretching vibration with minor con-
tributions from the out-of-phase CN stretching vibration, the
CCN deformation and the NH in-plane bend. The latter is res-Fig. 3. Structure of N-methylacetamide (NMA). Reprinted with permission from
[29]. © 2002 Cambridge University Press.ponsible for the sensitivity of the amide I band to N-deuteration
of the backbone. In proteins, the extent to which the several
internal coordinates contribute to the amide I normal mode
depends on the backbone structure [151]. The amide I vibration
is hardly affected by the nature of the side chain. It depends
however on the secondary structure of the backbone and is
therefore the amide vibration that is most commonly used for
secondary structure analysis. The amide I band of proteins will
be discussed in more detail below.
8.1.3. Amide II (∼1550 cm−1)
The amide II mode is the out-of-phase combination of the NH
in plane bend and the CN stretching vibration with smaller
contributions from the CO in plane bend and the CC and NC
stretching vibrations. Like for the amide I vibration, the amide II
vibration of proteins is hardly affected by side chain vibrations
but the correlation between protein secondary structure and
frequency is less straightforward than for the amide I vibration.
Nevertheless it provides valuable structural information and
secondary structure prediction can be done with the amide II
band alone [165].
N-deuteration converts the amide II mode to largely a CN
stretching vibration at 1490–1460 cm−1 (named amide II′
mode). The N2H bending vibration has a considerably lower
frequency than the N1H bending vibration and thus no longer
couples with the CN stretching vibration. Instead, it mixes with
other modes in the 1070–900 cm−1 region. Because NH bending
contributes to the amide II mode but not to the amide II′ mode,
both modes will be affected differently by backbone conforma-
tion and the environment of the amide group. For example,
hydrogen bonding will be sensed predominantly by the NH
bending vibration, which contributes to the amide II but not to
the amide II′ vibration — the effect of a hydrogen bond will
therefore be larger on the amide II vibration than on the amide II′
vibration. The internal coordinate contributions to the amide II
vibration depend upon the backbone conformation with a trend
to higher frequencies with increasing contribution of the NH
bending vibration. The amide II band is weak or absent in the
Raman spectrum [151].
8.1.4. Amide III (1400–1200 cm−1)
The amide III mode of NMA is the in-phase combination of
the NH bending and the CN stretching vibration with small
contributions from the CO in plane bending and the CC
stretching vibration. In polypeptides, the composition of this
mode is more complex, since it depends on side chain structure
and since NH bending contributes to several modes in the 1400-
to 1200-cm−1 region. In spite of side chain contributions to the
amide III mode, this mode can be used for secondary structure
prediction [166–169]. Upon N-deuteration, the N2H bending
vibration separates out and the other coordinates become
redistributed into other modes.
8.2. The amide I vibration of proteins
The amide I band of polypeptides and proteins has long been
known to be sensitive to secondary structure and this has caused
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However, explaining the large splitting of the amide I band of
β-sheet structures has presented a challenge for theoreticians.
Only with the introduction of the transition dipole coupling
mechanism [170] this splitting in a main band near 1630 cm−1
and a side band near 1690 cm−1 could be explained. Other
effects like through-bond coupling and hydrogen bonding also
modify the amide I frequency of polypeptides to different
degrees. In addition to these effects, which are discussed below,
changing the dielectric constant of the environment from 1 to 80
(water) reduces the calculated frequency for NMA by 30 cm−1
[171] as suggested earlier for protein amide groups [172].
8.2.1. Transition dipole coupling (TDC)
The fundamental mechanism that renders the amide I
vibration sensitive to secondary structure is transition dipole
coupling (TDC) [170,173–177]. It is a resonance interaction
between the oscillating dipoles of neighbouring amide groups
and the coupling depends upon their relative orientation and
their distance. Coupling is strongest when the coupled oscillators
vibrate with the same frequency. TDC has two effects:
(i) Exciton transfer: if energy is absorbed by an oscillator it
does not remain there but is rather transferred to a nearby
oscillator with a typical time constant of 0.5 ps for an α-
helix [178] — as a consequence the excited state is
delocalised, typically over a length of 8 Å [178].
(ii) Band splitting or exciton splitting: TDC leads to a shift of
the amide I frequency depending on the orientation,
distance and relative phases of the coupled oscillators. If
only two coupled oscillators are considered, two different
excited energy levels are observed depending on whether
the oscillators are in phase or out of phase. This
phenomenon is called exciton splitting. The result is a
splitting of the amide I band, which can be as large as
∼70 cm−1 [179,180] for β-sheet structures.
The TDC formalism describes the oscillating charges in the
dipole approximation. The background here is that any charge
distribution can be represented by summing up a net charge, a
net dipole, a net quadrupole and higher multipoles; if the
electrostatic effects are observed far away from the location of
the charges. In systems without net charge, like the amide group,
the dipole contributes usually most and higher multipoles can be
neglected. The dipole approximation of the TDC mechanism
seems to provide a good description of the interactions between
distant amide groups, i.e. those that are not nearest neighbours.
At short distances (b6 Å [181]) the TDC approximation
becomes less satisfactory [181–183]. The transition dipole
moments of the individual amide I oscillators can be regarded as
constant in a first approximation [112].
8.2.2. Through-bond coupling
Amide I and II vibrations involve small displacements of the
Cα atom [151] which couples vibrations of the same kind in
neighbouring peptide groups via the chemical bonds. There is
evidence for some through-bond coupling between nearestneighbours from ab initio calculations on NMA [184] and di-
and tripeptides [185–187] and from semiempirical calculations
on larger peptides [188]. However, through-bond coupling does
not seem to have a major effect on the amide I and II vibrations
and cannot explain the large splitting of the amide I band of
antiparallel β-sheet structures [170].
8.2.3. Hydrogen bonding
The effects of hydrogen bonding on the infrared spectrum of
NMA have been examined computationally in ab initio calcu-
lations and experimentally [171,189–191]. Each of the two
possible hydrogen bonds to the C_O group lowers the amide I
frequency by 20 to 30 cm−1 and a hydrogen bond to the NH
group by 10 to 20 cm−1 [171,190]. Further downshifts [190,191]
and less frequency variation between different hydrogen
bonding patterns [190] are obtained when a continuum model
for water is included in the calculations. The combination of
explicit water molecules in the first hydration shell and of a
continuum model for water reproduces the experimentally
observed shifts [190,191]. For polypeptides there is experi-
mental evidence for an effect of hydrogen bonding on the amide
I frequency since the different positions of the main absorption
band at 1632 cm−1 for poly-β–L-Ala and at 1624 cm−1 for poly-
β–L-Glu were tentatively explained by the stronger hydrogen
bonds of the latter [151]. The side band of β-sheets at high
wavenumbers however seems to be less affected by the strength
of hydrogen bonding since it is observed within 1 cm−1 for the
two polypeptides. For α-helices there is also evidence for an
effect of hydrogen bonding on the vibrational frequency since
solvated helices (i.e. helices forming hydrogen bonds also to
solvent molecules) absorb approximately 20 cm−1 lower than
non-solvated helices [40,192–195].
Much recent work has been done to model the effects of
hydrogen bonding with electrostatic models as summarized
recently [196]. The models differ as to whether the electric
effects of the environment on a given amide group are accounted
for by the electric potential [197–199], the electric field [200], or
a combination of electric field and its derivatives [113,201].
These quantities are calculated at two [199] or four [113,198–
200] atoms of the amide group, at six atoms of NMA [197,200],
or at up to 65 sites of the amide group [201] and related to the
amide I frequency via ab initio quantum chemical calculations.
Several of the approaches have been compared and shown to
yield similar results for NMA in water (2H2O) [200], but for the
intramolecular interaction within small peptides, the correlation
between frequency and electric potential works best [196].
8.2.4. Calculation of the amide I band
There are several ways of calculating the amide I band of a
protein:
(i) For infinite secondary structures, their symmetry
considerably reduces the number of observable vibrational
modes and the effect of TDC is easily calculated. This simple
approach can explain the general features of amide I absorbance
of secondary structures [173–176,202].
(ii) For calculating the amide I band of proteins, a “floating
oscillator model” has been developed [203,204]. The model
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tors vibrate with an intrinsic frequency ν0. By adjusting the
unperturbed frequency, effects of hydrogen bonding, non-
planarity of the peptide group and through-bond interactions
may be accounted for. A normal mode calculation is then carried
out with a matrix of force constants that contains the diagonal
force constants (which determine ν0) and interaction force
constants fAB between amide group A and group B (which shift
the frequency of the coupled vibration). The original model
considered only interaction via TDC and had fixed intrinsic
frequencies ν0 for a given secondary structure type. It gave good
agreement with some experimental protein spectra [203]
whereas for the simulation of some other experimental protein
spectra there is still room for improvement [205]. Nevertheless it
has led to interesting insight [29,174–176,203,204,206] (see
below). The extensive recent work outlined above has con-
siderably increased our understanding of the factors that in-
fluence the amide I vibration. A more sophisticated floating
oscillator model for proteins has already been presented [207]
and other versions are under development. These have been
outlined and tested against quantum chemical calculations of
peptides [187,208,209]. In these amide I calculations, intrinsic
frequency shifts and interaction force constants between nearest
neighbours in sequence will be taken from density functional
calculations and all other interactions will be calculated from
TDC and models of hydrogen bonding.
(iii) A normal mode analysis can be carried out using a
simplified general valence force field for the polypeptide with
that of N-methylacetamide serving as a starting point [151]. The
force field is then refined for a given polypeptide structure in
order to match the calculated frequencies with the experiment.
Hydrogen bonds can be included in the force field by assigning
force constants to the H···O stretching and the N\H⋯O and
C_O⋯H bending vibrations. TDC is also accounted for by
interaction force constants fAB, as described above for the
floating oscillator approach. In contrast to the floating oscillator
model for the amide I vibration, these calculations provide all
vibrational frequencies of the polypeptide and were able to
reproduce the observed vibrational spectra of regular polypep-
tides with an average error of 5 cm−1 [151]. Recently it was
suggested that the transition dipole moment of a given amide
group depends on coordinates of other groups. The implementa-
tion of this effect with interaction force constants from ab initio
calculations of (L-Ala)2 improved the calculated frequency of the
E2 mode considerably [210].
(iv) For small peptides with a defined structure, density
functional calculations can be carried out that include transition
dipole coupling, through-bond coupling and the effects of
hydrogen bonds. [182,211,212]. The calculated force field and
quantities like the derivative of the dipole moment μ can then be
transferred to larger peptides.
8.3. How structure affects the amide I vibration — some rules
of thumb
Computational and experimental studies have indicated a
number of rules of thumb that describe how the amide I ab-sorption depends on backbone structure. α-helices give rise to a
main absorption band close to 1655 cm−1 and a shoulder at lower
wavenumbers [174,203]. The band position of the main band
shifts down with increasing helix length [174], when the helix is
bent in coiled coils [192,213] and when the helix is solvent
exposed (absorption maximum at 1640–1650 cm−1 in H2O, at
1629–1640 cm−1 in 2H2O) [180,214–216]. Short α-helices with
less than 6 residues do not always give rise to the typical α-helix
absorption but can produce several bands throughout the amide I
region [174,203].
Antiparallel β-sheets exhibit a strong band near 1630 cm−1
and a weaker band near 1685 cm−1. The position of these bands
is hardly affected by the number of amide groups in the strands
of the sheet, but depends on the number of strands. Sheets with a
larger number of strands have a lower spectral position of the
main band [176,211]. Also the main band of parallel β-sheets
shifts to lower wavenumbers with increasing number of strands
[175]. Twisting of an antiparallel β-sheet causes its main band to
shift to higher wavenumbers and reduces the splitting between
high and low wavenumber band. The effect of twisting is less for
parallel β-sheets [212]. Parallel β-sheets [173,175] have their
main absorption at higher wavenumber than corresponding
antiparallel β-sheets [173,176] although the difference can be as
little as 4 cm−1 [217] and the parallel β-sheet band can be as low
as 1622 cm−1 (in H2O) for β-barrel proteins [218] and as low as
1619 cm−1 (in 2H2O) for peptides [217]. Parallel β-sheets
exhibit a smaller splitting between their main and side band and
their high wavenumber side band is less intense [175,176]. In
consequence, the high-wavenumber side band is often, but not
always, absent for parallel β-sheets [217–219]. The difference
between parallel and antiparallel sheets becomes less pro-
nounced when a parallel β-sheet with several strands is com-
pared to an antiparallel sheet with few strands or which is twisted
[175,176,212] which makes it experimentally difficult to
distinguish between parallel and antiparallel sheets in proteins
[203,218,220].
9. Overview of protein studies
9.1. Secondary structure
Probably the most common application of infrared spectro-
scopy in protein studies is the analysis of secondary structure
[1,3,4,6,8–10,221,222]. Secondary structure analysis of pro-
teins is nearly exclusively done using the amide I band, but
the amide II [165] and amide III [166–169] bands as well as
the near-infrared region [164,223–226] have also been shown
to be useful. The importance of this infrared spectroscopic
application might even increase in the proteomics age where
vast numbers of proteins wait to be characterised. Anticipat-
ing this, work has started to develop a data bank in which
protein spectra from different laboratories are to be collected
[227].
Above it has been discussed that the sensitivity of the amide I
band to the structure of the protein backbone is predominantly
due to transition dipole coupling. The result is that a particular
secondary structure absorbs predominantly in a specific range of
Table 2
Assignment of amide I band positions to secondary structure [29]
Secondary
structure
Band position in 1H2O/cm
−1 Band position in 2H2O/cm
−1
Average Extremes Average Extremes
α-helix 1654 1648–1657 1652 1642–1660
β-sheet 1633,
1684
1623–1641,
1674–1695
1630,
1679
1615–1638,
1672–1694
Turns 1672 1662–1686 1671 1653–1691
Disordered 1654 1642–1657 1645 1639–1654
The table is based on the experimental data and assignments of various authors
collected and evaluated by Goormaghtigh et al. [6]. In similar tables a
discrimination between parallel and antiparallel β-sheet can sometimes be
found, because theory predicts no high wavenumber component for infinite
parallel β-sheets [175]. However, as discussed above, similar spectra are
expected for finite or twisted β-sheets [175,176,203,212] and there is no
experimental evidence for a difference between the frequencies of parallel and
antiparallel β-sheet [218,220].
1083A. Barth / Biochimica et Biophysica Acta 1767 (2007) 1073–1101the amide I region, as specified in Table 2. The two most
common approaches to determine the secondary structure are:
(i) fitting the amide I band with component bands [10,220,228]
after identifying their position with band narrowing techniques
[229–232] and (ii) decomposing the amide I band into basis
spectra which have been calculated from a calibration set of
spectra from proteins with known structure [10,233–238]. A
neural network approach has also been applied [239]. Interest-
ingly, a decent prediction of α-helix, β-sheet, β-turn and
irregular structure content with errors in the prediction of ∼7%
and less is achieved using the absorption at only three wave-
numbers (1545, 1611, and 1655 cm−1) after careful pretreatment
of the spectra. The error can be slightly reduced, and a
prediction of the 310-helix content included, by using three, but
not more, wavenumbers specifically for each secondary struc-
ture [240].
The sensitivity of the amide I vibration to secondary structure
makes it possible to study protein folding, unfolding and
aggregation with infrared spectroscopy. Representative exam-
ples are found in refs. [36–38,43,44,241–246] and the topic has
been reviewed [7,43,244]. While the folded protein exhibits a
structured amide I spectrum after band narrowing techniques
have been applied, the unfolded protein shows a broad,
featureless amide I band centred near 1650 cm−1 which is
characteristic of unordered structure. In contrast, aggregated
protein often shows a band near or below 1620 cm−1 which is
characteristic of intermolecular β-sheets [7,247–249].
9.2. Flexibility
The amide II band is sensitive to 1H/2H exchange due to the
contribution of the NH bending vibration to the amide II mode.
1H/2H exchange experiments probe the flexibility of proteins,
since the exchange rate of the amide protons depends upon their
solvent accessibility and the strength of their hydrogen bond
[125,250,251]. A hydrogen bonded amide proton is protected
from exchange even when it is exposed to the solvent. This has
been shown for small molecules for which hydrogen bonding
can slow down exchange rates by nearly six orders of magnitude[250]. Thus hydrogen bonds need to break by local or global
unfolding for 1H/2H exchange to proceed at a significant rate.
Peptide proton exchange is catalysed by OH− down to pH 3
[250] which abstracts the peptide proton in a first step.
Subsequently, the amide group will be deuterated by 2H2O.
1H/2H exchange can be followed by monitoring the amide II
band either in transmission or ATR experiments. In the former
experiments, the protein is transferred to 2H2O, then placed in
the infrared cuvette and recording of a series of time-resolved
absorbance spectra started as soon as possible afterwards,
typically within 15 min.With newmixing devices [36,117–119]
these experiments can now be done with experimental dead
times which are in the millisecond range and below. In ATR
experiments, a dry protein film is prepared on the ATR crystal
which has most of the free solvent water removed. Then nitrogen
saturated with 2H2O is blown over the sample which starts
1H/2H exchange. During the first 2 min of the experiment, the
film adjusts to the new conditions of humidity and swells which
is limiting for the dead time of these experiments. In the
evaluation of the time series of spectra, the contribution of side
chain absorption to the amide II band has to be subtracted [252].
The exchange of most polar side chain protons is much faster
than that of backbone protons because proton transfer to OH− is
energetically downhill for most side chains (pKa of side
chainbpKa of OH
−) [250] but not for peptide protons (pKa of
peptideNpKa of OH
−). Thus every encounter of an acidic side
chain group with OH− will abstract the side chain proton while
on average 1000 collisions are needed to deprotonate an amide
group [250]. As a consequence, side chain exchange is complete
within 2 min for lysozyme at pH 8 [252]. The time course of the
amide II band is typically fitted by three to four exponentials for
amide groups with fast, medium and slow exchange. From this
the percentage of amide groups that belong to each categories is
obtained.
Exchange rates vary considerably between different proteins,
from nearly complete exchange within 3 h for lactose permease
[253] to more than 50% of peptide protons being exchange
resistant for at least several hours for the K+ channel of Strep-
tomyces lividans [254], bacteriorhodopsin [255,256] and rho-
dopsin [255]. The exchange characteristics of proteins might
depend on their particular physiological state and can be
modulated by the binding of ligands [257,258], during catalysis
[259] or by interaction with membranes [260].
In analysing different physiological states of a protein, 1H/2H
exchange is an interesting complement to comparing the amide I
absorption between the states. The latter quite often indicates
that the net change of secondary structure is small, and this was
found to be the case also for two ATPases upon ligand binding
[257,258,261] whereas 1H/2H exchange of these proteins
indicates that 10–20% of the residues alter their exchange
characteristics. It emerges for these cases that the conformational
change upon ligand binding involves a large number of residues
as shown by the altered exchange characteristics but leads only
to a small net change in secondary structure, either due to many
compensating secondary structure changes, or due to move-
ments of large domains with little impact on the secondary
structure.
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Elucidating the molecular mechanism of proteins is a major
challenge for the life science community. Infrared spectroscopy
continues to provide important contributions in this field and
combines several of its advantages in these studies: high time
resolution (b1 μs), universal applicability from small soluble
proteins to large membrane proteins and the high molecular
information content combined with a sensitivity high enough to
detect a change in the environment around a single atom of a
large protein.
In favourable cases, effects of a protein reaction on the
infrared spectrum can already be observed in the absorbance
spectrum [99,249,262,263]. In other cases, the associated
infrared absorbance changes have to be monitored; or in other
words: the associated infrared difference spectrum has to be
recorded. This has been done by carefully subtracting the
spectrum of a sample where the protein is in state B from a
spectrum where it is in state A [262,264–271]. However, the
absorbance changes usually observed for protein reactions are
very small, on the order of 0.1% of the maximum absorbance. In
consequence, the approach described above does not generally
allow the sensitive detection of the small absorbance changes
between the two protein states. Instead, the protein reaction of
interest has to be initiated directly in the cuvette. This technique
is termed reaction-induced infrared difference spectroscopy. It
will be described in detail in Sections 10–12 and has been
reviewed before [2,12–20,23–33,272]. There are a number of
reviews focusing on Raman spectroscopy of enzyme reactions of
ligand–protein interactions [53–56,59,61] that are well worth
reading also for the infrared spectroscopist.
9.4. Enzyme activity measurements with infrared spectroscopy
Enzyme activity is the basis of many biotechnological
processes. It is usually measured indirectly because substrate
and product cannot be distinguished in the UVor visible range of
the spectrum. Therefore coloured or fluorescent substrate
analogues have been developed or the enzymatic reaction of
interest is coupled to auxiliary enzymatic reactions that can be
followed in the UVor visible spectral range. In contrast, infrared
spectroscopy can provide a direct, “on-line” monitor of
enzymatic reactions, because the infrared spectra of educts and
products of an enzymatic reaction are often different. Examples
for infrared spectroscopic measurements of enzyme activity are
cefoxitin hydrolysis by β-lactamase [77], deacylation of
cinnamoyl-chymotrypsin [78], ATP hydrolysis by the Ca2+-
ATPase [72], oxidation of D-glucose by glucose oxidase [74],
hydrolysis of amides [76,273], synthesis of hydroxamic acid
derivatives [273] by amidase and the reaction of α-ketoglutarate
and Ala to Glu and pyruvate by glutamic-pyruvic transaminase
[153].
9.5. Water and hydrated protons in proteins
Water is not only as solvent essential for protein structure, it is
often also intimately linked to protein function, for examplewhen it participates in biochemical reactions as solvent or re-
actant, or when it constitutes proton pathways to and from active
sites in proteins. No attempt is made here to review the vast
literature on infrared spectroscopy of water and water's
interaction with proteins, only selected examples are given.
Infrared spectroscopy of liquid water [274–276] and water
clusters [277] has been reviewed recently. Molar absorptivities
of the absorption bands of liquid water can be found in ref. [120].
Hydration of proteins has been studied by infrared spectro-
scopy as reviewed previously [276,278]. Hydration of lysozyme
[278,279] and bovine serum albumin [280] involves (i)
protonation of carboxylate groups, (ii) formation of hydrogen
bonds between water and the C_O and N\H groups of the
protein backbone, some of which replace direct N\H⋯O_C
hydrogen bonds, and (iii) insertion of water without affecting
protein hydrogen bonds. A considerable number of water
molecules remains associated with the dried proteins. Never-
theless, approximately a quarter of all N\H and C_O groups
are not hydrogen bonded when the proteins are dry. In hydrated
lysozyme, about 50% of the N\H and C_O groups are
hydrogen bonded to water [279].
Individual protein-bound water molecules can also be ob-
served directly with reaction-induced infrared difference spec-
troscopy (see Section 10). Here the relatively strong absorption
of water, which is usually regarded as a problem, turns into an
advantage. In the spectral region of water's bending vibration
near 1640 cm−1 it has been detected that the oxidation of the
primary donor of the bacterial photosynthetic reaction of Rho-
dobacter sphaeroides centre affects water molecule(s) [281].
In protein films with little free water, even the region of the
stretching vibration of water can be analyzed (∼3400 cm−1 in
1H2O and 2500 cm
−1 in 2H2O). The absorption of water
molecules is identified with help of the small isotope shift upon
16O→ 18O substitution and localised in the protein by mutating
putatively interacting amino acids. These experiments provide
spatially resolved information about functionally important
water molecules, for example in bacteriorhodopsin [16,282–
287], rhodopsin [16,283,288], sensory rhodopsin [289], photo-
system II [290] and cytochrome c oxidase [291]. These water
molecules can be detected because they experience a change in
hydrogen bonding. The symmetric and antisymmetric stretching
vibrations of non-hydrogen bonded water absorb between 3630
and 3760 cm−1 [274,277,292–296], whereas bonded OH groups
absorb between 3600 and 2900 cm−1 depending on the strength
and pattern of hydrogen bonding [274,277,295].
Protonated water clusters give rise to a particular absorption
spectrum that depends critically on the number of water mole-
cules over which the proton is delocalised [297]. In particular,
the isolated (i.e. non-solvated) Eigen cation H3O
+(H2O)3 has a
characteristic absorption at 2665 cm−1 (OH stretch) [297,298]
and the isolated Zundel cation H2O⋯H+⋯OH2 near 1750 cm−1
(HOH bend) and 1050 cm−1 (O⋯H+⋯O stretch or bend)
[297,299]. An acidic aqueous solution exhibits a broad con-
tinuous absorption between 1000 and 3100 cm−1 and additional
bands with respect to neutral water near 1200, 1740, and
2900 cm−1 [269,300–303] consistent with the presence of both,
the Eigen and the Zundel forms of the hydrated proton [303].
Fig. 4. Caged ATP. (a) Photolysis of caged ATP (b) Infrared difference spectrum
upon release of ATP from caged ATP. Thick line: spectrum of caged ATP
photolysis in the absence of protein. Thin line: ATP release in a Ca2+ ATPase
sample. Two reactions contribute to the signals: (i) caged ATP photolysis and (ii)
the transition of the Ca2+ bound ATPase to the E2P phosphoenzyme where Ca2+
has been pumped and released [349]. Reprinted with permission from [30].
© 2002 American Chemical Society.
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in proteins, for example in a bacterial reaction centre [302] and in
bacteriorhodopsin [304–307], where the localisation of the
proton is affected by mutation of nearby amino acids [307]. The
absorption is consistent with an Eigen cation in the former case
and with Zundel and Eigen cations [307,308] in the latter.
10. Studying protein function with reaction-induced
infrared difference spectroscopy
10.1. Principles
As mentioned before, the many overlapping bands in the
absorption spectrum of proteins limit the information that can be
obtained from an absorption spectrum. The key to obtain
detailed structural information is to reduce the number of groups
that contribute to a spectrum. This can be done by difference
techniques. They are particularly suited to investigate the
molecular basis of a protein reaction. Thus the infrared
absorbance changes associated with the reaction are monitored;
or in other words, the associated infrared difference spectrum is
recorded. The absorbance changes usually observed for protein
reactions are very small, on the order of 0.1% of the maximum
absorbance. In consequence, simply comparing the spectrum of
a sample where the protein is in state Awith a spectrum where it
is in state B does usually not allow the sensitive detection of the
small absorbance changes between the two protein states.
Instead, the protein reaction of interest has to be initiated directly
in the cuvette and the associated infrared absorbance changes
can be recorded [2,10,20,23,135].
10.2. Ways to trigger protein reactions
The number of methods to initiate protein reactions has
constantly increased in the last decade. They have been reviewed
before [2,14,15,18,20,24,25,27,28,30] and are only briefly
discussed here.
Light-induced infrared difference spectroscopy has been the
first technique that has been applied to proteins from the early
1980s. Here, continuous illumination or a light flash induces a
reaction in photosensitive proteins like bacteriorhodopsin
[14–17] or photosynthetic reaction centers [12,13,21,22].
From spectra recorded before and during/after illumination,
light-induced difference spectra can be calculated.
Concentration jump techniques are required to study the
effects of ions or molecules on proteins. Three different ap-
proaches have been applied to generate a concentration jump in
an infrared sample: (i) the ATR technique, (ii) the infrared
variants of the stopped-flow and continuous-flow techniques,
and (iii) the photolytical release of effector substances from
biologically “silent” precursors (termed “caged compounds”).
Attenuated total reflection has the advantage that manipula-
tion of medium composition is straightforward when a stable
protein film can be prepared. For example ligands can be added
or the pH can be changed. Examples are studies of ligand
binding to the nicotinic acetylcholine receptor [309,310], to the
gastric H+/K+-ATPase [261], to transhydrogenase [116], and ofprotein–protein interaction between transducin and rhodopsin
[129].
Rapid mixing techniques are difficult to apply in infrared
spectroscopy because of the viscous consistency of a concen-
trated protein solution and the small pathlength of less than
10 μm for measurements in 1H2O. Nevertheless, successful
applications of mixing devices have been reported, as reviewed
recently [244], first with the larger pathlength of 50 μm for 2H2O
[118] and subsequently with 20 μm [117] and around 10 μm for
1H2O [36,119].
A photolytically induced concentration jump can be achieved
with photosensitive molecules that release a compound of
interest upon illumination in the UV spectral range (300–
350 nm). These molecules are termed caged compounds and
have been used for 30 years to study biological reactions [311–
317]. In its caged form, the effector compound is modified such
that it does not react with the protein of interest (see Fig. 4 for
caged ATP). Photolysis of the caged compound leads to a sudden
concentration jump of the free effector substance (b10 ms for
caged ATP of Fig. 4, other compounds are faster). Binding of the
effector substance to a protein and subsequent conformational
changes alter the infrared spectrum. In addition to protein and
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the difference spectra. In infrared studies of proteins, caged
nucleotides, caged Ca2+ (Nitr-5 or DM-Nitrophen) and “caged
electrons” (described in the photoreduction section) have been
used most often. The studies undertaken have dealt with two
main aspects, molecule–protein recognition and the molecular
basis of enzyme function. Most of these studies have been done
on the sarcoplasmic reticulum Ca2+-ATPase, which has also
been the first enzyme to be studied with this technique [318].
Further information can be found in refs. [19,31,319–322]. A
recent extension of the approach uses helper enzymes to induce
further reactions after the primary concentration jump and has
been used to study ADP dissociation from the phosphorylated
Ca2+-ATPase after phosphorylation had been induced by ATP
release from caged ATP [323].
Temperature- and pressure-jumps can be used to study
folding and unfolding of proteins. The temperature jump is
generated either by injecting a protein solution into a cuvette that
is held at a different temperature (time resolution 100 ms)
[241,243], by a laser pulse near 2 μm that is absorbed by the
sample solvent 2H2O [40,43,324,325] (temperature maximum
reached after 20 ns [43]) or by a visible laser pulse that excites a
heat transducing dye [326,327]. Pressure-jump experiments
[328,329] require a cell that allows to set the sample under
pressures of several kbar and have an experimental dead time of
about 20 s.
Equilibrium electrochemistry can be used to initiate redox
reactions of proteins. Infrared investigations became available
with the development of an ultra-thin-layer spectroelectrochem-
ical cell suitable for protein investigations in aqueous solution
[330]. The spectroelectrochemical cell permits control of the
redox state of proteins in the infrared cuvette by applying a
potential to a working electrode which changes the potential of
the sample volume that is probed by the infrared beam. By
applying a potential step at the working electrode, a redox
reaction can be triggered in the electrochemical cell. From the
infrared absorbance spectrum before and after the potential step,
a difference spectrum can be calculated that reflects only the
redox reaction of the protein.
The electrochemical cell is particularly useful when a protein
contains several redox active cofactors with different midpoint
potentials as it is often the case for proteins involved in photo-
synthesis and respiration. Since the method allows the accurate
control of the sample redox state, it is possible to selectively
induce the redox reaction of only one particular cofactor, i.e. to
“dial-a-cofactor” [28]. Selective triggering of only one of the
possible redox reactions has been achieved for example in
studies on the charge separation catalysed by the bacterial
photosynthetic reaction center. It was possible to separate the
reaction of the primary electron donor (bacteriochlorophyll
dimer) [281] from that of the electron acceptors quinone A or B
[331]. In a study of photosystem I, careful experimentation
avoided the oxidation of the abundant antenna chlorophylls and
allowed the exclusive titration of signals of the primary electron
donor P700 (a chlorophyll dimer) [332]. And as a final example,
it could be shown that Glu278 of the Paracoccus denitrificans
cytochrome c oxidase is involved in the redox reaction of hemea (and possibly CuB) [333]. More information on this method
can be found in reviews [12,21,30,32]. While much of the initial
work has been on photosynthetic proteins (see references
above), recent work has concentrated on cytochrome c oxidases
[32,333–340].
Photoreduction is a second way to induce redox reactions. It
is based on photoexcitable electron donors like riboflavin
[341,342] or Ru2+ complexes [343] for which the expression
“caged electron” has been coined [344]. Light absorption con-
verts these systems directly or indirectly to a highly reducing
state which can transfer one electron to a protein. The principle is
similar to that of photosynthetic reaction centers where
photoexcitation of the primary donor produces a highly reducing
excited state and initiates electron transfer reactions within the
protein. Photoreduction has been used in studies of aa3 cyto-
chrome c oxidase of R. sphaeroides [344], bo3 [344–346] and
bd [347] ubiquinol oxidases of Escherichia coli and cytochrome
P-450cam [343].
11. Interpretation of difference spectra
11.1. The origin of difference bands
Bands appear in difference spectra of protein reactions for
several reasons: the chemical structure might change (protona-
tion of carboxyl groups, catalytic reactions) or the three-dimen-
sional structure of protein or cofactor. The former gives rise to a
different absorption pattern before and after the reaction. The
latter changes vibrational coupling between neighbouring
groups or the environment around particular functional groups
causing band shifts and changes in absorption index. In many
cases, negative bands in a difference spectrum are characteristic
of the state before the reaction and positive bands with that after
the reaction. This interpretation might be misleading in the case
of a change in absorption index since only the strength of
absorption is affected but not the band position.
11.2. The difference spectrum seen as a fingerprint of
conformational change
It is often difficult to extract the wealth of information from a
difference spectrum. A simple approach is to regard the spectra
as a characteristic fingerprint of the conformational change. The
signature of a conformational change in the spectrum can then be
used to detect and define transient conformational states of a
protein. Similar approaches have a long tradition in fluorescence
and absorption spectroscopy. The approach can be used to study
reaction intermediates and to classify and quantify conforma-
tional changes. It has even provided molecular information in a
study that mapped substrate protein interactions [348].
11.2.1. Intermediates
From the time course it is possible to evaluate the number of
intermediates in the reaction. Here, time-resolved vibrational
spectroscopy has the advantage that the observation is not
restricted to a limited number of chromophores (i.e. Trp re-
sidues) or to an extrinsic fluorescence label which will largely
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maymiss conformational changes occurring in distant regions of
the protein. Instead, in vibrational spectroscopy all carbonyl
“chromophores” of the backbone amide groups are monitored,
and this will reveal any change in backbone conformation even if
very small. In the same experiment it is possible to follow
additionally the fate of individually catalytically “acting”
groups. Thus, infrared spectroscopy simultaneously looks, on
the one hand locally at the catalytic site, and on the other hand at
the protein as a whole. This approach has been used in studies of
the Ca2+-ATPase pump mechanism [349] of the photoactive
yellow protein photocycle [350], and of protein folding studies
[36,38,42,43].
11.2.2. Similar conformational changes
From the shape of the spectra, conformational changes can be
classified according to their similarity. This can be used to
compare different preparations of a protein or related partial
reactions [62,309,332,336].
11.2.3. The extent of conformational change
From the magnitude of the difference signals, the extent of
conformational change in a protein reaction may be estimated
using the amide I region of the spectrum [257,349,351,352].
While this approach has several implications and limitations, as
discussed previously [11,29,349], it nevertheless seems to pro-
vide realistic estimates of the net secondary structure change
[11,29,353].
11.3. Molecular interpretation: Band assignment
Infrared difference spectra usually contain many difference
bands which indicate the wealth of information that is encoded in
the spectrum. However, extracting this information is often
difficult and ideally requires the assignment of the difference
signals to individual molecular groups of the protein. Assign-
ment of infrared bands to specific chemical bonds is possible by
studying model compounds, by chemical modifications of co-
factors or ligands, by site-directed mutagenesis and by isotopic
labeling of ligands, cofactors and amino acids.
Model spectra. contributions of cofactors or substrate
molecules to the infrared spectrum can be identified by normal
mode calculations or by comparison with the spectra of the
isolated molecules or model compounds in an appropriate
environment. An example are chlorophyll studies [354–356].
Site-directed mutagenesis is a very powerful approach.
Ideally, an infrared signal due to a specific amino acid is missing
when this amino acid has been selectively replaced. The missing
signal can then be assigned to the mutated amino acid. Examples
for this assignment strategy can be found in Section 12.
However, mutagenesis cannot be applied to crucial amino acids
because their mutation abolishes protein function. Also, a
mutation may exert wide-spread conformational effects on the
protein which extensively modify the structural changes and
thus the infrared difference spectrum. Therefore, the effect of
mutation on infrared difference spectra has to be evaluated very
carefully.Isotopic labeling has been used as a powerful tool since the
early days of infrared spectroscopy on proteins, in order to
observe a specific group in a large protein [264,266]. It avoids
perturbations of protein structure that might be introduced by
mutagenesis and allows to label crucial amino acids that cannot
be mutated without loss of function. Due to the mass effect on
vibrational frequencies, infrared absorption bands of a labeled
group are shifted with respect to those of the unlabeled groups
and can be identified in the spectrum. Ligands, cofactors and
protein side chains as well as backbone groups can be labeled.
Labeling ligands is very informative when the interactions
between ligands and proteins are investigated, as illustrated by
studies on the binding of CO [264] and O2 [357] to hemoglobin,
of O2 [357] to myoglobin, of carbonyl groups to triosephosphate
isomerase [266] and phospholipase A2 [358], and of phosphate
groups to Ras [91,114,359,360] and Ca2+-ATPase [361]. Protein
cofactors have also been labeled for example for bacteriorho-
dopsin [17,362], photosynthetic reaction centres [12,13,22] and
cytochrome c oxidase [335].
In favourable cases the substrate can transfer a labeled group
to the protein which can then be studied in its protein
environment. This approach has been used to study the acyl
enzyme of serine proteases [27,78,268] and the phosphate group
of the phosphoenzyme intermediates of the Ca2+-ATPase
[69,70,93,361].
Amino acids in proteins can be labeled in various ways.
1H/2H exchange is simply done by replacing 1H2O by
2H2O
which exchanges the protons of accessible acidic groups, like
OH, NH and SH groups, by deuteriums [250]. The observed
characteristic band shifts often allow the assignment of these
bands to peptide groups or to specific amino acid side chains. An
additional advantage is the shift of the strong water absorbance
away from the amide I region (1610–1700 cm−1) which is
sensitive to protein structure. Recombinant proteins can be
labeled uniformly with for example 13C or 15N [363], all amino
acids of one type can be labeled, or a label can be placed
specifically on one particular amino acid [364,365]. This site-
directed labeling is the most powerful interpretation tool,
unfortunately, it requires great effort and is usually not feasible.
The labeling of backbone carbonyls with 13C shifts the amide
I band by 36–38 cm−1 to lower wavenumbers [363,366–368].
This can be used to separate the amide I bands of two proteins or
a protein and a peptide for binding studies [369,370], to probe
the local secondary structure of peptides [188,211,371–375] or
to determine band shifts due to hydrogen bonding to water
[194,195].
11.4. Molecular interpretation: quantification
Once a band is assigned to a specific vibration, this is
evidence that the assigned group participates in the studied
protein reaction. Furthermore its frequency or the wavenumber
of the corresponding infrared band provides precise information
on a number of bond parameters and other molecular properties
[84]. The quantitative interpretation becomes even more
powerful with the increased ease of quantum chemical
calculations of the vibrational spectrum as applied for example
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obtained from calculations is a telltale of how the environment
shapes the molecular properties of catalytically active groups
and some examples have been given in Section 3. This is the
information needed to unveil the secrets behind the amazing
catalytic power of enzymes.
12. Reaction-induced infrared difference
spectroscopy—selected examples
12.1. Introduction
In the following, reaction-induced infrared difference
spectroscopy is illustrated at the example of three different
proteins. All three pump ions, driven either by light, redox
potential or ATP. The biological systems required different
adaptations of the difference principle to the biological system:
bacteriorhodopsin highlights light-induced difference spectro-
scopy, cytochrome c oxidase has been studied with a variety of
techniques and the Ca2+-ATPase has been triggered by
photolytically induced concentration jumps.
12.2. Bacteriorhodopsin
Bacteriorhodopsin is a light-driven proton pump of Ha-
loarchea which serves as emergency energy source when the
oxygen supply is low. Light is absorbed by the chromophore
retinal that is covalently linked via a Schiff base to Lys-216.
Light absorption in the light-adapted state causes isomerization
of retinal from all-trans to 13-cis. The strained photoisomerized
state of the protein relaxes back to its ground state in a series of
reaction steps that are accompanied by proton transfer from the
intracellular side to the extracellular side of the plasma
membrane. The photocycle intermediates are named with letters
J to O and can be followed by visible spectroscopy because of
changes in retinal absorption.
Bacteriorhodopsin was one of the first proteins studied with
reaction-induced infrared difference spectroscopy [376] since its
photocycle can be conveniently triggered by light. The robust-
ness of bacteriorhodopsin made it possible to apply time-re-
solved techniques like single wavelength measurements with a
global source [377–379], stroboscopic FTIR spectroscopy
[380,381] and the step scan technique [144,382,383] which
require numerous repetitions of the flash-induced experiment on
a single sample. A time resolution in the sub-microsecond range
and trapping of intermediates at low temperature enabled
characterisation of the structural changes upon proton pumping.
Of particular importance was the identification of the proton
transporting groups from the early detection of protonated
carboxyl groups [376,378] to the assignment to specific residues
or a localised protonated water cluster using isotopic labeling
[384–386] and site-directed mutagenesis [307,385–388]. Com-
bining this knowledge from infrared spectroscopy with that from
recent structures at atomic resolution “the path of the proton
through the membrane can now be followed in exquisite detail”
[389]. Up to now all major intermediates have been crystallized,
but infrared spectroscopy continues to deliver important insightsbecause “…FTIR spectroscopy is a more sensitive method to
detect small structural perturbations than crystallography at the
available resolutions” [390]. As discussed in Section 3.4,
infrared spectroscopy detects bond length changes in the pico-
meter range.
Infrared spectroscopy on bacteriorhodopsin has been
reviewed before [15–17,23,34,35]. In the following I will
mainly discuss the contributions of infrared spectroscopy to
identifying the proton transfer steps. Other important contribu-
tions have characterised the conformation of the retinal
[362,391,392] to be a twisted 13-cis conformation in the early
K intermediate that relaxes to the final cis conformation in the
transitions to the KL and L intermediates [379,382,393]. Current
research deals with the transmission of conformational changes
through the protein [394], active water molecules [282,287] and
protonated water clusters [304–306,395].
The retinal Schiff base remains protonated in the early phase
of the photocycle [391]. Its proton is transferred to Asp-85 upon
formation of the M intermediate [380,385,387,396] as identified
by mutation of this residue [385,387]. To make this happen, the
pKa value of Asp-85 dramatically increases to more than 10.5 in
the late M intermediate (M2) [397] because of a drop in the
effective dielectric constant to a value of 2 which was concluded
from the spectral position of the Asp-85 C_O band [397].
Proton transfer to Asp-85 is accompanied by proton release to
the extracellular side from a protonated water cluster close to
Glu-194 and Glu-204 [307]. Interestingly, proton release is from
residue 204 when this residue or Glu-194 are mutated to Asp
[307].
Asp-96, located towards the cytoplasmic side from the
Schiff base, is protonated in the early phase of the photocycle.
Its signature can be detected because it experiences an
environmental change upon formation of the L intermediate
that was assigned with help of site-directed mutagenesis [386–
388]. Upon formation of the N intermediate it becomes
deprotonated [380,386,398] as the Schiff base reprotonates
[396]. Asp-96 has an unusually high pKa value N11 in the
bacteriorhodopsin ground state [163,399] that decreases [398]
to 7.1 in the N intermediate [163]. This pKa change causes
deprotonation of Asp-96 independent of the protonation state of
the Schiff base [398]. Following reprotonation of Asp-96 from
the cytoplasm, the final proton movement in the photocycle is
from Asp-85 likely via Asp-212 [400,401] to the extracellular
release site.
12.3. Cytochrome c oxidase and related heme-copper oxidases
Cytochrome c oxidase is the terminal electron acceptor in the
respiratory chain and reduces an oxygen molecule to water. The
reaction needs the input of four electrons from cytochrome c and
four protons from the mitochondrial matrix or bacterial
cytoplasm. In addition, four protons are pumped from matrix
to intermembrane space in mitochondria or from cytoplasm to
periplasm in bacteria. The enzyme contains four redox-active
metal centres: CuA, heme a, heme a3 and CuB. The latter two
constitute the catalytic centre where the reduction of oxygen
takes place.
Fig. 5. (a) Structures of ATP and ATP analogues highlighting the modified
functional groups of ATP. (b) Difference spectra of nucleotide binding to the
Ca2+ ATPase (Ca2E1→Ca2E1NTP) obtained with ATP, 2′ deoxyATP, 3′
deoxyATP and ITP (1 °C and pH 7.5) [348]. Labels indicate the band positions
of the ATP binding spectrum. The spectra show that the modification of each
functional group of ATP affects the binding induced conformational change.
Thus all these groups are involved in important interactions with the ATPase.
Reprinted from [11]. © 2006 Nova Science Publishers.
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have been studied with a variety of infrared spectroscopic
techniques as reviewed previously [32] including photodisso-
ciation of carbon monoxide (CO) [402], electrochemistry [334],
photoreduction [345] and ATR spectroscopy [403,404]. In the
following, selected examples will be discussed.
Work on CO photodissociation is facilitated by the high
wavenumber of CO absorption above 1900 cm−1 which puts it
in a spectral window without overlapping absorption from
other protein components. CO binds to heme a3 in the dark,
dissociates upon illumination and binds to CuB at low
temperatures. At room temperature it can leave the enzyme
upon photodissociation and appear in the bulk solution.
Already in 1981, CO photodissociation experiments have led
to significant conclusions regarding the catalytic centre [402].
Multiple CO absorption bands when bound to both metal
centres indicated structural heterogeneity. From the different
band widths it was concluded that the CO complex with CuB is
more flexible than that with heme a3 and experiences a
nonpolar environment in the latter. Most importantly, the
movement of CO between the two metal centres suggested that
they line a cavity to which oxygen can bind and even the
prediction of the distance between them turned out to be
correct. These experiments were done below 100 K; that CO
binds to CuB also at room temperature has been detected in one
of the early applications of time-resolved single wavelength
spectroscopy with tunable infrared laser diodes [147]. Combin-
ing CO photodissociation with site-directed mutagenesis [405]
has excluded His-284 (cytochrome bo3 from E. coli) as ligand
of heme a3 because the bands of the CO complex with heme a3
were not affected by mutation of this residue. In contrast, bands
of the complex with CuB were affected, in line with His-284
ligating CuB.
As cytochrome c oxidase translocates protons, much work
has been devoted to identify the protonation sites. Protonated
Glu-278 (P. denitrificans), at the end of one of the proton
pathways to the catalytic centre, is involved in electron transfer
reactions [333,338] as shown by site-directed mutagenesis in
combination with infrared spectroscopy. The same holds for the
corresponding residue Glu-286 in cytochrome bo3 from E. coli
[345]. A pH series has revealed that the equilibrium pKa of Glu-
278 in the P. denitrificans oxidase is larger than 10 in the reduced
and oxidized states [291]. The corresponding Glu-286 in Rho-
dobacter spaeroides oxidase undergoes protonation changes
during catalysis [406], indicating that its pKa is modulated by a
changing protein environment.
Further evidence for the participation of protonated carboxyl
groups has been obtained for heme propionates from isotopic
labeling [335]. Additional site-directed mutagenesis experi-
ments have suggested that it is the ring D propionate of heme a
that accepts a proton upon reduction of the enzyme [339]. In
experiments that have exploited the natural sequence variety, it
has been found that oxidation of bovine heart cytochrome c
oxidase produces signals in the difference spectrum that are not
observed for the oxidase of P. denitrificans. This has indicated
protonation of a carboxyl group upon oxidation of bovine heart
oxidase, possibly that of Asp-51, which is not conservedbetween the two enzymes [337]. The results are in line with the
proposed role of this residue in proton pumping by mammalian
oxidases [407]. A further protonation of a carboxyl group –Asp-
75 – has been detected upon reduction of ubiquinone bound to
E. coli cytochrome bo3 [408], which is consistent with Asp-75
being located near the quinone binding site.
Evidence for Tyr protonation changes has also been obtained
[406] and tentatively assigned to the unusual, covalently linked
His and Tyr residues close to CuB. The signature of this moiety in
infrared spectra has been identified by combining isotopic
labeling of Tyr with site-directed mutagenesis [409], and by
combining isotopic labeling of Tyr and of His [410–412]. The
linked residues undergo significant changes during catalysis.
While the protonation state of the Tyr moiety is not finally
settled, the experiments favour a deprotonated Tyr in the
oxidized state [411]. Labeling of Tyr and His residues has also
revealed that their backbone carbonyls contribute significantly
in the amide I region presumably due to a conformational change
of the His-276 to Tyr-280 loop [411].
A band of a non-hydrogen bonded water hydroxyl appears
upon reduction of the enzyme [291]. This assignment has been
obtained by comparing experiments in H2O,
2H2O and H2
18O.
The prospect is exciting that this band might originate from the
water molecule that is produced in the catalytic reaction.
Fig. 6. Infrared difference spectrum of E2 P16O3→E2 P
18O3 isotope exchange
at the phosphate group [93]. Spectra of isotope exchange were calculated by
subtracting the spectrum before exchange from the spectrum after exchange.
Reprinted from [11]. © 2006 Nova Science Publishers.
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The Ca2+-ATPase belongs to the family of P-type ATPases
which are major players in active transport across biological
membranes. It couples the pumping of two Ca2+ to the hydro-
lysis of one ATP molecule. It was the first protein to be studied
by a photolytically induced concentration jump [318]. Caged
ATP [71,318,349,413] and caged Ca2+ [352,414,415] have been
predominantly used. The rapid scan technique with a time
resolution of 65 ms is sufficient to kinetically resolve the main
intermediates in the pump cycle after ATP release [349].
12.4.1. Nucleotide binding
One line of studies has been to map interactions between
protein and substrate ATP. Fig. 5 shows infrared absorbance
changes induced by nucleotide binding to the Ca2+-ATPase. The
spectra reveal the difference in absorbance between the initial
nucleotide-free state Ca2E1 and the nucleotide-ATPase complex
Ca2E1NTP.
The difference spectra reflect conformational changes of the
protein backbone in the amide I (1700–1610 cm−1) region of the
spectra: the positive signal near 1653 cm−1 is characteristic of α-
helical structure, the signals near 1693, 1641 and 1628 cm−1 of
β-sheets. Turn structures likely contribute to the signals near
1665 cm−1. The spectrum indicates that α-helices, β-sheets and
turns are affected by ATP binding.Fig. 7. Phosphate bond parameters for the model compound acetyl phosphate and E2P
bonds give bond lengths in Å, normal print numbers below bonds give bond valencThe nucleotide binding spectra are different for different
nucleotides with the largest bands observed for ATP. Therefore,
the conformational change upon nucleotide binding depends to a
surprising degree on individual interactions between ATPase
and nucleotide [348,416]. It has been concluded that the ATPase
interacts with the γ-phosphate [416], the ribose hydroxyls and
the amino function [348] of ATP. This has later been confirmed
by X-ray crystallography [417,418]. The missing of individual
interactions produces more than just local effects: it affects the
entire conformational change upon binding. This suggests a
concerted conformational change for which all interactions need
to be in place [348].
Transfer of the nucleotidic γ-phosphate to Asp351 follows
nucleotide binding. In this reaction, an interesting feature has
been observed with ITP: the phosphorylation spectrum obtained
with ITP shows additional signals in the amide I region as
compared to ATP, which are similar to nucleotide binding
signals [353]. Thus it seems that upon phosphorylation with ITP
the enzyme catches up on a conformational change that cannot
be achieved by ITP binding because the interactions between
protein and base moiety are impaired.
The phosphorylation rate also depends on the type of
nucleotide [353]. Upon dissociation of ADP from the phos-
phoenzyme, the conformation relaxes partially back to that of the
unphosphorylated state Ca2E1. ADP dissociation does not
trigger the transition to E2P [323] as proposed previously.
12.4.2. Phosphoenzyme phosphate group
In another study, one of the ATPase phosphoenzyme inter-
mediates (E2P) has been investigated with the aim to understand
its high hydrolysis rate. The experiment has observed an oxygen
isotope exchange at the phosphate group that is catalysed by the
ATPase [419]. It provides an infrared spectrum at “atomic
resolution” in a crowded spectral region [93,420] which reveals
the three stretching vibrations of the transiently bound phosphate
group in spite of a background absorption of 50,000 protein
vibrations. The spectrum is shown in Fig. 6. Bands of the
terminal P\O stretching vibrations of the unlabeled phosphate
group are found at 1194, 1137, and 1115 cm−1.and a model for the phosphate group environment of E2P. Italic numbers above
es in vu. Reprinted from [11]. © 2006 Nova Science Publishers.
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tion between P\O frequency and P\O bond valence [100],
the bond valence model [85,421] and empirical correlations to
calculate P\O bond strengths, P\O bond lengths, and finally
the dissociation energy of the bridging P\O bond. Compared
to the model compound acetyl phosphate, structure and charge
distribution of the E2P aspartyl phosphate resemble somewhat
the transition state in a dissociative phosphate transfer
reaction: the aspartyl phosphate of E2P has 0.02 Å shorter
terminal P\O bonds and a 0.09-Å longer bridging P\O bond
which is ∼20% weaker [93]. These findings are summarised
in Fig. 7.
The weaker bridging P\O bond of E2-P accounts for a
1011- to 1015-fold hydrolysis rate enhancement implying that
P\O bond destabilization facilitates phosphoenzyme hydro-
lysis. P\O bond destabilization is caused by a shift of non-
covalent interactions from the phosphate oxygens to the
aspartyl oxygens. Therefore it has been proposed [93] that the
relative strength of non-covalent bonding to the phosphate and
aspartyl oxygens is one of the key factors that tunes the
hydrolysis rate of the ATPase phosphoenzymes and related
phosphoproteins. Weaker bonding to the phosphate oxygens
and stronger bonding to the aspartyl oxygens weakens the
bridging P\O bond, which increases dramatically the catalytic
power of the enzyme. Weakening and elongation of the
bridging P\O bond is not accomplished by external mechan-
ical forces that pull the bond apart. Instead it is an in-built
response of aspartyl phosphate to a shift of interactions from
phosphate to aspartyl oxygens, with only subtle changes in
distances are required. This provides an elegant “handle” for the
enzyme to control hydrolysis.
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